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ABSTRACT 
An electr ic  a r c  heater,  intended to provide a steady flow of high 
0 
stagnation cemperature gas  (up to 10, 000 K) into a convergent-divergent 
nozzle, was designed a t  the GALCIT Hyper sonic Laboratory. 
Section 2 f i r s t  gives a few prelirrlinary calculations which have 
been made for  the a r c  heater-nozzle combination, using argon, a t  
stagnation p r e s s u r e s  of 1 and 2 atm. , and assuming equilibrium1 flow. 
In particular,  the Mach number in the test  section of a fixed nozzle 
will depend on the thermodynamic propert ies  a t  the reservoi r .  
In the heater,  the direct-current  a r c  i s  axially constricted by a 
channel paral le l  to the gas  flow. A description of the design and 
instrumentation i s  given in Sections 2 and 3. 
F o r  two s e r i e s  of experiments, using argon, the cent ra l  electrode 
was either the cathode, a s  in the conventional arrangement ,  o r  the anode: 
both configurations were  thoroughly investigated. Provided a sha rp  
edge exis t s  a t  the end of the flow constricting channel, the configuration 
with anode in  the center was found to give, generally, a m o r e  stable 
functioning, with a voltage drop about twice a s  large,  higher efficiency 
and thus higher average  temperature fo r  the same w ~ a s s  flow of gas, a s  
compared to the case  where the cathode is in the center.  In the ranges 
of power (up to 13 Kw) and m a s s  flow (up to 6.00 gr /sec)  investigated, 
i t  was found that the best efficiency i s  obtained for  a swir l  c lose to the 
central  electrode and la rge  gas  m a s s  flows. When the anode i s  in the 
center,  a long and narrow constricting channel leads to the optimal 
conditions. With the reversed  polarities, the georrletry of the downstream 
channel i s  not very important. 
Finally, a tentative explanation of the resu l t s  i s  given, 
emphasizing in particular that the "anode in the centeru  case  c o r r e s -  
ponds to a "long" arc, and the "cathode in  the center" to  a l t shor t f f  
one with poorer t ransfer  of energy frorn the a r c  to the gas. 
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LIST OF SYMBOLS 
adiabatic speed of sound 
cross-sec t ion  of the channel, o r  of the nozzle 
specific heat 
distance f rom cent ra l  electrode t ipto exit section 
distance f r o m  central  electrode t ip  to inner shoulder of 
a r c  chamber 
heat of ionization 
electr ic  field 
function of 
specific enthalpy (K. M. S. ) 
total  specific enthalpy (K. M. S .  ) 
electr ic  cur rent  in the a r c  
constant of law of m a s s  action 
depending on the case,  distance f rom central  electrode 
to exit section, o r  length of constricting channel; 
o r  heat of reaction, o r  l i t e r  
m a s s  flow of gas  ( in  gr /sec) ,  o r  water (in l i te r / sec)  
m a s s  flow of gas  per unit a r e a  of constricting channel 
newton 
p res su re  
P power, o r  heat added per  second in the heater  
9 reduced ne tpower  input into the gas  per unit a r e a  of 
throat section 
R gas  constant of argon 
s specific entropy (K. M. S. ) 
t ip  
T absolute temperature 
velocity along axis  of the channel 
velocity of the flow, or  specific volurrle 
voltage drop 
absc issa  along axis  of the channel, o r  of the nozzle 
degree of ionization 
ra t io  of specific heats  
efficiency of energy t ransfer  process  
rat io  of absolute temperature to ionization tempera ture  
density of gas  
diameter of constricting channel 
central  electrode positive 
central  electrode negative 
Superscr ipts  
sonic condition 
average  
Subscripts 
A of a rgon 
4- of the ion 
e a t  equilibrium; o r  of the electron 
g of the gas  
i of ionization 
o 
0 a t  OOK, o r  a t  o c 
E stagnation condition 
1. THE ARC HEATER 
During the l a s t  few years,  a r c  heating devices have been 
studied and used for many technical purposes connected with miss i l e  
and space technology. They generate steady flows of gas  a t  stagnation 
tempera tures  of thousands of degrees  Kelvin, which a r e  needed, 
among o thersL '  2, in the following applications: 
( I )  convergent-divergent expansion in  a nozzle to achieve high 
velocities in the tes t  section with high f r e e  s t r eam tempera tures  for  
study of heat t ransfer  and ablation r a t e s  (moderate  r e se rvo i r  pressure) ;  
or  high velocities in the tes t  section with low f r e e  s t r e a m  tempera tures  
for  aerodynamic heating (high r e se rvo i r  pressure) .  
( 2 )  Supply of hot gases  a t  high p res su re  and tempera ture  for 
hypersonic wind tunnels. 
( 3 )  Magnetohydrodynaniic studies. 
(4) Low thrust  propulsion devices. 
(5) Study of flow of weakly ionized gases. 
This work deals  with the design and experirriental study of the 
performance of a direct-current  a r c  hearer of the axial  type, which 
means  that the gas  to be heated Plows along a c i rcu lar  channel paral le l  
to the path of the a r c  (Figure 1). The working fluid i s  a rgon a t  a tmos-  
pheric p res su re  with a settling chamber andLaval nozzle connected to  
the exit section. The heater will be used to generate steady supersonic 
flows of high s tat ic  temperatures .  
It has  to be s t r e s sed  that there  does not seem to be any reason 
to reject,  a priori ,  the positive cent ra l  electrode configuration, a s  
has  been done by previous workers.  
2. DESIGN OF ARC HEATER 
2. 1. Pre l iminarv  Calculations 
In order  to obtain a n  est imate of various physical quantities 
occuring in the a r c  heater (Figure l ) ,  and the nozzle flow, some 
prel iminary calculations a r e  made based on the one-dimensional flow 
of gases  a t  ve ry  high temperatures .  
F o r  one-dimensional steady flows of a f r ic t ionless  gas, a t  
thermodynamic equilibrium, we have : 
Continuity Equation: 
Momentum Equation: 
Energy Equation: 
constant = 
Equation of State: 
Here p, p, h ,  u a r e  the pressure ,  density, specific enthalpy 
and velocity of the gas, and A i s  the cross-sect ional  a r e a  of the channel, 
which is supposed to be given a s  a function of the distance along the 
channel, x. d P  is the heat added to the gas  per  unit time. The heats  of 
dissociation and ionization a r e  not included in dP, but they a r e  a par t  
of the enthalpy h .  Thus d P  is not ze ro  only in  the heater.  Define the 
stagnation enthalpy H, a s  
Then 
& d H =  d P  
in the heater and 
elsewhere. By combining Eqs. 2 and 3, we obtain 
where s i s  the specific en t ropy,  T the temperature.  Thus the flow i s  
isentropic outside the heater.  * F o r  the isentropic flow, 
where ae is the speed of sound a t  thermodynamic equilibrium. Then 
eliminating p and p between Eqs. 1, 2, and 9,  we obtain 
dA u 2 
-= 
du 
A ( 7 - 1 ) ~  a 
e 
u Thus A i s  minimum a t  u = a o r  Me = - = 1 . The total 
e ' a 
e 
m a s s  flow r a t e  through the channel is given by 
a s  in the perfect gas  case. Also, f rom Eq. 9 
L H = h t u = constant = t 
* This i s  valid only for  equilibrium flow o r  frozen flow. When 
the chemical reaction goes on at a finite rate ,  the entropy increases .  
Hence the flow propert ies  in  a Lava1 nozzle a r e  determined once the 
stagnation condition is given. F o r  example, the stagnation condition can 
be specified by the p res su re  pt and the enthalpy ht . Then the c o r r e s -  
ponding entropy is obtained a s  s t , and the flow propert ies  a r e  deter-  
mined a s  functions of h: 
The p res su re  and density of the gas  i s  most  easily obtained graphically 
on the Mollier char t  of the working gas. a may be computed a s  
e 
indicated in the Appendix, with the assumption of the perfect gas  behaviour 
for the a toms,  the ions and the electrons individually, which i s  con- 
2 
sistent with the method used to compute the Mollier char t  The sonic 
condition i s  determined a t  the point where u = a. Then the a r e a  ra t io  
A/A* i s  obtained f rom A/A* = p*a*e/pu . 
Across  the heater,  
where Hi, i s  the stagnation enthalpy of the incoming gas, he the 
stagnation enthalpy of the exhaust gas, P the total power t ransfer red  
to the gas. F o r  pract ical  purpose, Hin i s  equal to the static enthalpy 
of the incoming gas, since i t s  Mach number is ve ry  small .  F o r  a given 
nozzle, the total m a s s  flow ra t e  is a function of ht and p t ' 
m = & (ht , Pt ) ( 1 5 )  
Thus when p and P a r e  given, rh and ht a r e  determined by Eqs. 1 4  aacl 15 .  t 
Eq. 15 may a l so  be used to est imate he f r o m  the measurement  of 153 
and p t *  
Table 1 gives the m a s s  flow per  unit a r e a  of the throat, 
p* a* , a s  a function of the reduced stagnation enthalpy for the two 
re se rvo i r  p r e s s u r e s  p - 1 atm. and 2 atrn. t -  
In F igure  2, we plotted p* a* , a s  a function of $/RT for the 
0 
two p res su res :  pt = 1 atm. and 2 atm. The dotted curves  represent  the 
4 
same relation for the perfect, non-ionized gas  of constant c . 
P' 
On the same figure, curves  of p* a* f o r  constant 9 = P RToA'; 
have been drawn; they vary  like 1 ht/RTo , while p* a:k fo r  
pt = constant, vary  like 1 in the region of the perfect gas. 
,'- 
The use of these curves  i s  i l lustrated in  the following numerical  example. 
Numerical Example 
Supposing the efficiency and the g ross  power input a r e  known 
Given P = 20 Kw 
and m' = 1. 235 p / s e c  
pt = 1 a tm. ,  
then, 
f r o m  Eq. 14: ( I I ~ / R T ~ )  = 285 . 
Hence: 
on Figure 2, the curve for  pt = 1 atm. yields for ( ~ J R T ~ )  = 285, 
2 p k a* = 35.5 kgmass/m . sec  
A* = 0.348 cm. 2 
(1) What i s  the new m a s s  flow in the above nozzle if we double 
the r e se rvo i r  p res su re  ( p  - 2 atm. ), and the net power input (p= 40 Kw)? t - 
Then 
2 5 = 20, 000 (kgmass/m sec. ). 
The curve $? = 20, 000 in tersec ts  the mass-flow curve for  pt = 2 atm. 
a t  the point ( h t / R . ~  ) = 274, p* a* = 72. 75. Hence, the m a s s  flow with 
o 
2 
the nozzle A* = 0. 348 c m  and p, = 2 a tm.  i s  
(2) With the same nozzle and the same P = 20 Kw, what i s  the 
new m a s s  flow i f  we double the r e se rvo i r  p res su re  (pt = 2 atrn. ) ? 
Since, (1(: = 10, 000, the point of the intersection of g= 10, 000 
with p - 2 atm. yields: t -  
( h r / a ~ J  = 107 
p26a::: = 93.25 a 
Thus, m'  = 3. 25 gr/sec.  
2. 2. Design of A r c  Heater 
The a r c  heater is essentially made out of a n  arc-chamber ,  
properly shaped, through which argon flows and i s  heated and eventually 
ionized. 
It can be divided into four parts:  the insulated head, the a r c -  
chamber itself, the outer elecrrode cooling system, the anode and 
anode cooler (Figure I) .  
2.  2. 1. Description and Design of Generator Blocks 
- 
2. 2. 1. 1. The Insulated Head and Distributor 
The head i s  cylindrical and made out of micarta;  i t  can be fixed 
by'six nuts to  the copper a r c  chamber.  In i t s  center i s  a hole which, 
with the one through the distributor disk, provides a s a o o t h  friction 
pas sage for  Line movable cylincirical electrode. 
When the rem~ovable disk, d, i s  pushed into i t s  seat, a srriall 
chamber rerriains, into which the gas i s  brought, through hole h, The 
gas  then flows through injectors  with a n  exit hole dr i l led normal  to the 
axis.  The gas  can be injected into the a rc-chamber  with any degree of 
0 
rotation, fr0ni 0 (radial  injection) to 90° (tangential injection) by 
adjusting the orientation of injectors  (Figure 3) .  
2. 2. 1. 2. Arc-Chamber 
The arc-chamber  itself i s  machined f rom a copper block. It 
has  a cylindrical chamber, a conical contraction section and a cylin- 
dr ica l  a r c  constricting section. The a r c  will s t r ike the outer electrode 
somewhere along the cylindrical water-cooled constricting channel. 
2. 2. 1. 3 .  Central  Electrode 
The central  copper electrode i s  9" in diameter and i s  rounded 
a t  i t s  end. I t g o e s  through the insulated head and the distributor disk, 
and i s  blocked a t  a minimum distance of 1/411 frorri the shoulder in the 
arc-chariiber. 
The cooling system is composed of a copper tube (l/4!f in dia- 
me te r )  inside the electrode, which i s  the water inlet; the space between 
the inner and outer tubes provides the outlet. 
2. 2. 2. Auxiliary Set- UPS 
2. 2. 2. 1. Electrodes 
The central  electrode i s  adjustable inside the chamber to position 
the electrode distance for stable a r c  operation; this  i s  accomplished 
manually with a lever  clamped on the central  electrode. 
The electr ical  power lead i s  connected to a copper block clamped 
around the tube; this provides the necessary  good contact over a 
sufficient surface. 
The other lead i s  connected to the copper f r a m e  which supports 
the a rc-chamber .  
2. 2. 2;. 2. Arc  Star ter  
F o r  conservation of the electrodes,  the a r c  cannot be s ta r ted  by 
bringing into contact and moving away the central  and the outer electrode. 
Instead, i t  was decided ro use the exploding wire  technique to s t a r t  the 
a r c .  A very thin piano wire  i s  introduced into the chamber through a 
tiny hole, along which a sufficient contact with the wire  is assured .  
It is held in position through a strongly compressed teflon piece; the 
la t ter  prevents a l s o  any leakage. The switch-on cur rent  wiakes the 
wire  mel t  instaneaneously and c rea te s  a local overheating and ionization, 
which enables the principal a r c  to s t a r t  (F igure  5). 
2. 2. 2. 3.  Water Connections 
At the central  electrode, the water goes through the inner tube. 
At the outer electrode, the incoming water flows f i r s t  around the 
terminal  par t  of the constricting channel. 
2. 2. 3. Instrumentation 
Since the purpose of the experiment i s  to determine the efficiency 
of the energy t ransfer  process  to argon through the a r c ,  the instrm- 
mentation described below was provided. The set-up i s  i l lustrated 
clear ly by the diagram of Figure 6. 
2. 2. 3. 1. Water Cooling Circuits 
Two flswnreters, thoroughly calibrated, measure  respectively 
the total flow through the central  and outer electrodes,  and the flow 
through the central  electrode. The arc-chamber flow i s  determined by 
difference. 
To f ix  a n  o rde r  of magnitude of the water flows involved, a 
prel iminary t e s t  gave: 
central:  rn' = 0.1252 A! /sec. 
outer : m 1  = 0.  166 R/sec.  
The i n l e ~  and outlet temperatures ,  for both electrodes,  a r e  
measured  by therrrlopile s (copper -constantan), placed in micar ta  blocks 
a t  the inlets and outlets; the readings being made on a Leeds Northrup 
K-2 potentiometer, To isolate the thermopiles electrically f r o m  the 
electrodes,  water connections between the block and the electrodes 
were  made out of plastic tubing and a short  length of copper tubing a t  
the micar ta  block end, the la t ter  being electrically grounded. 
2. 2. 3. 2. Gas Circuit  
A F i she r  and Por t e r  Triflat  flowrr~eter, with a s ta inless  s teel  
ball float, was used to measure  the m a s s  flow of argon. I ts  calibration 
curve  was computed for 2 upstream pressures :  50 and 60 psi. A 
p res su re  gage measures  the p res su re  in the a r c  chamber.  
2. 2. 3. 3. Elec t r ic  Circuit 
The electr ic  power input was measured  by reading; 
- v a r c  
voltage drop  a c r o s s  the a r c  
''arc ' 
a r c  cur rent  . 
The stabilization resis tance was kept a t  2. 9 ohms. In the range 
of power, 0 - 13 Kw, the cur rent  could be adjusted by regulation of 
the o u t p ~ t  volcage of the D. C. generators.  
3. PRELIMINARY TESTS 
3 .  1. T e s t s  A-7 and S - 1  
Frorn  the f i r s t  two t e s t s  on the a r c  heater ,  tve were able  to 
draw some qualitative conclusions and, therefrorri, were  induced to 
modify some experirr~ental  devices in order  to obtain significant resul ts .  
The details of the instrumentation and sorrle characceristic 
r e su l t s  a r e  recorded in Table 2. 
The efficiency of the energy t ransfer  process  to the gas  i s  
defined by the rat io  of the power added to the g a s , P  to the power 
gas  
dissipated in the arc ,  Pinput: 
D 
A gas  
- -  9 - Pinpui 
P i s  wieasur ed by an  energy balance 
ga s 
where P is the power absorbed by the cooling circuit .  IL. i s  
e lectrodes 
determined by careful measurements  of the water m a s s  flow and the 
temperature r i s e  through the electrodes circuit. Pinput i s  simply the 
product of the voltage drop  a c r o s s  the a r c  Varc by the a r c  cur rent  Iarc. 
Direct reading of the two las t  quantities enables the a r c  character is t ic  
to be drawn. Thus 
pelectrode s 
' 7=  - Pin put 
- 
Finally, the average temperature of the gas, T can be obtained f rom 
g '  
Figure 7, which gives a s  a function of the net power input per  unit 
g 
m a s s  flow (P  /mt)  or  ( 
ga s 7 pinput/"', . 
In these f i r s t  two tests,  we used the block descr ibed in the 
previous section. However, the thermometr ic  measurements  in  the 
water- cooling circui t  were made with a Brown self- balancing potentio- 
me te r  and single non- grounded iron- constantan therrnocouples. Owing 
to the smallness  of the difference in  tempera tures  involved i t  appeared 
that any hope fo r  accuracy  was somewhat illusory. Only some o r d e r s  
of magnitude and qualitative conclusions could be obtained. 
0 The gas was injected with a n  angle of 90 (F igure  3 )  in both 
cases ,  and the distance d (F igure  5) was varied around a position 
(about 1 diameter  from1 the inner shoulder) which gave enough stability 
without excessive overheating of the electrodes.  The power level and 
the m a s s  flow were  kept a t  moderate  values (not exceeding 4 Kw and 
1.4 p / s e c ) .  The p res su re  in the chamber was seen to be atmospheric  
within a ve ry  few per cent. 
The most  striking fact revealed by experience i s  the complete 
difference in behaviour of the a r c  with different polarit ies 
for identical georr~etry, angle of injection and m a s s  flow. 
When the central  electrode i s  positive (A-7), the a r c  turns  out 
-- -
to be fa i r ly  stable, even with copper electrodes.  It undoubtedly s t r ikes  
the cathode along the sharp  edge XX (Figure  5), where, a f te r  a few 
minutes, an  intense erosion occurs.  Once the copper in XX i s  burning, 
one observes appreciable fluctuations of voltage drop  a c r o s s  the a r c  
and of brilliancy, the burned copper giving a green color to the jet. 
No damage is seen on the central  electrode (anode). To avoid this 
erosion, one thinks a t  f i r s t  to suppress  the concentration of field in XX 
by rounding off the sha rp  edge. But, a s  will appear  m o r e  c lear ly  a t  
the end of the next section, the existence of a sha rp  edge a t  the exit 
section i s  precisely essential  to that functioning with anode in  the center :  
when the damaged part  was rounded off, the a r c  became completely 
unstable, and blew itself off even with such a l a rge  starting voltage 
a s  200 V. Since in conventional designs2' 6 ,  the conical par t  of the a r c  
chamber is already the convergent par t  of the n ~ z z l e ,  followed 
by the throat  and the divergenr section having no sharp edge, this could 
presumably explain why the "anode in  the center" was found a n  unstable 
configuration, and previous experimentator s only retained the "cathode 
in the center" case.  
The efficiency, varying f r o m  50 per  cent to 70 per  cent, was 
1 
of the same order  of magnitude a s  i n  Cann's data . 
With that polarity, the voltage drop, of about 50 V, is found to 
be insensit ive to the distance d, but the a r c  quickly becomes m o r e  
unstable, the m o r e  d i s  increased. 
W-hen the central  electrode i s  negative (S-I),  the a r c  i s  more  
-- - 
unstable, in cur rent  a s  well a s  in  voltage. This will be seen in  a l l  our 
experiments.  Fur thermore ,  the central  electrode, made out of copper, 
is readi ly damaged: the a r c  s t r ikes  the cathode around the center of 
the tip, digging a c ra t e r  and projecting drops of copper in  the flow. 
Fur thermore ,  the fact that XX was not damaged a t  all, that a ve ry  
slight erosion was seen on the inner shoulder and that the a r c  looked a s  
being "inside" gave a f i r s t  experimental evidence that the a r c  was 
striking along the "shor t i r  path going f rom the t ip  of the cent ra l  electrode 
to the wall of the arc-chamber,  which i s  what occurs  in the conventional 
polarity configurationZ' 6. Accordingly, the voltage drop  a c r o s s  the 
a r c  (about 30 V) was reduced by a factor of the order  of 2. At this  
stage, no measurements  of efficiency were made. However, with 
that reduced voltage drop and small heating region, one should expect 
the efficiency to be srrialler, which is indeed the case.  Finally, V 
a r c  
is seen to increase  slightly with increasing d. 
T e s t s  A-7 and S-1 s t r e s s  the necessity for very  heat-resis tant  
e lectrodes and more  accura te  nleasurernents of the tempera ture  increase  
of the cooling water. The la t ter  is a twofold requirement:  i n  
sensitivity of the reading; and in appropriate insulation of the thermo- 
couple, which i s  introduced in the water circuit ,  while the water 
itself i s  in  contact with conducting par t s  of the e lec t r ic  circuit .  
Hence we modified the set-up a s  described in Section 2. 2. 
In the succeeding tests ,  a ring of 2 per cent thoriated tungsten 
was put a t  the exit section (Figure 8),  to prevent the sha rp  edge XX 
f rom being damaged by the a r c  striking. It was not eroded in the 
course of experiment. Eventually, the whole tube of the constricting 
channel was made out of tungsten, but this  turned out to  be a use less  
o precaution. Thoriated tungsten was used a l s o  for  the 60 -conically 
shaped central  electrode t ip (F igure  9). 
3.  2. Influence of the Injection Angle on the Performance of the Heater 
The t e s t s  reported in Table 2 (S-11; S-22; S-26; 0-11; 0-12),  
the resu l t s  of which a r e  given on Figures  11 to 13 , consisted essentially 
of measuring, by the method described a t  the beginning of this section, 
the efficiency of the energy t ransfer  process  into the gas and in obtaining 
the a r c  character is t ic  for :  
(1) various ! 'degreesu of swir l  (variation of the direction of the 
injection velocizy: See Figure  3)  
(2)  for a fixed degree of injection, various m a s s  flows 
(3) for a fixed m a s s  flow, various values of the cu r ren t  or,  
subsequently, of the g ross  power input (P  input ) 
(4) the two configurations : "anode in  the center", noted 
> f ; "cathode in the center" noted > - . 
A s  previously, the p res su re  in  the a r c  chamber was very  
slightly above azmospheric pressure .  The distance d frowl the t ip 
of the cent ra l  electrode to the exit section was kept constant a t  around 
2 inches when the anode i s  in  the center,  a t  1. 6 inches in the opposite 
case.  These distances gave stable functioning points over the whole 
range of power investigated. As  to the injection angle, the main 
feature is that, with radially injected gas, the a r c  i s  very  unstable, and 
leads  to  poor efficiencies: i n  the worst  case  (cathode in the center),  
a n  excessive overheating of the distributor could be seen. With a 
0 90O o r  45 angle of injection, the a r c  i s  very stable. As could be 
0 0 
expected, the 45 in~ec t ion  gives slightly better r e su l t s  than the 90 
one, since the f i r s t  angle corresponds to jets very close to the central  
electrode (Figure  3), while, for  the second one, the gas  s t r e a m  collides 
against  the walls of the chamber.  
Regarding the influence of the other factors  on the efficiency 
and a r c  character is t ic ,  a quantitative confirmation of the higher 
efficiency and voltage drop, when the anode is in the center ,  was 
obtained, a s  well a s  their  evolution with increasing m a s s  flow and 
power input. 
In the experimental data of F igures  11 to 13, when the electrodes 
were  allowed to reach  their  equilibrium temperature,  the r e su l t s  were 
reproducible within one point of efficiency. 
3. 3. Conclusions f rom Prel iminary Experiments 
By observing the experimental data and by comparing them, 
severa l  conclusions can be drawn, which will guide us  in fur ther  
systematic study of the efficiency. It can be stated: 
(1) Whatever the polarity, the efficiency dec reases  with 
increasing g r o s s  power input, for  given injection and m a s s  flow; 
the efficiency inc reases  with increasing m a s s  flow, for  given injection 
and power input. It i s  optimum for 45* injection (slightly better,  
o 
m o r e  constant than 90  ). The injection (radial)  has  to be rejected. 
(2) F o r  the efficiency, the "positive central  electrode" configura 
tion i s  much m o r e  advantageous, all other fac tors  being equal. 
(3) Whatever the polarity, VarC i s  nearly constant, o r  increases  
slowly with increasing currents ,  for given injection angle and m a s s  
flow. It shif ted upwards,  a few volts o r  less ,  with increasing m a s s  
flow (0 .92  to 1. 98 %r/sec) ,  for given in~ec t ion  angle. It decreased  very 
0 
slightly with increasing angle sf injection above 45 , for given m a s s  
flow. 
(4) The "positive central  electrode" configuration presents  a 
voltage drop  which i s  on the average  of about 40 V, while the cathode 
central  electrode configuration gives only 25 V. Consequently, i t  s eems  
that the f i r s t  case  will be rriore advantageous for  maximizing the t ransfer  
to the a r c .  
(5) As  to the average gas temperature,  for given m a s s  flow and 
- power input, T being a monotonously increasing function sf the ra t io  fz 
7 q n p u t  
, var i e s  like 7 ; but for increasing m', the effect of 
m '  
( l / m f )  in the rat io  i s  much stronger than the corresponding increase  
in efficiency, s o  that decreases .  
g 
4. SYSTEMATIC STUDY OF EFFICIENCY AND 
ARC CHARACTERISTICS IN THE ARC HEATER AS FUNCTIONS OF 
GEOMETRY, POLARITY, AND MASS FLOW PARAMETERS 
4. 1. Introduction 
The purpose of this  experimental study was to proceed to a n  
investigation of the influence, on the efficiency and a r c  character is t ic ,  
of var ious pa ramete r s  of geometry and m a s s  flow, fo r  g r o s s  power 
input up to 13 Kw. 
4. 2. Experimental Set-Up 
It i s  fundamentally the same as the one descr ibed before: the 
same cent ra l  electrode with tungsten tip, the micar ta  head and gas  
distributor were  kept; i t  should be noted that the angle of injection 
0 
was kept a t  the fixed value 45 , which previous experiments have 
proved sufficiently to give the optimum efficiency, all other fac tors  
being held constant. 
A copper block, with 30° inclined walls and a n  exit section of 
(b = i l l ,  provided the a rc-chamber ,  fixed to the micar ta  head (Figure  1) 
To this block, various removable constriction sections can be adapted 
(Figure  10). The tube forming the walls of the las t  section, where the 
a r c  most  likely s t r ikes ,  i s  of tungsten instead of copper. 
4. 3 .  Variables of the P r o b l e n ~  and Experimental Resul ts  
The dependent var iables  of the problem a r e  a s  before: 
P 
the efficiency, - pgas , a n d t h e v o l t a g e d r o p a c r o s s t h e a r c ,  7 - input 
Varc  
They a r e  functions of: 
(1) The ratio, 1 /@, of the length of the a r c  constricting channel 
to the diameter  of i t s  section; 
(2) The diameter, 6, of the constricting channel; 
( 3 )  The magnitude of the m a s s  flow rn' ; 
(4) The polarities: central  electrode positive being noted > $- 
central  electrode negative being noted > - ; 
(5) The power input. 
The position of the central  electrode, given by d'  on Figure  10, 
i s  not a parameter :  i t  was chosen equal to $", by a compromise between 
the necessity for a stable a r c  ( a r c  unstable for la rge  d',  especially for 
> - ), and for not overheating the electrodes if brought too close 
together, o r  shortening the a r c  excessively. 
An interesting cowipound parameter  i n  the problem is the m a s s  
flow per  unit a r e a  of the c r o s s  section of the outer electrode. We 
define a "mass  factor.": = (rnl/.A), where 
rn' = m a s s  flow of gas, in gr /sec 
2 A = n ( ~ ~ / 4 )  = a r e a  of c r o s s  section, in inches 
& i s  in some sense the "image" of the velocity through the c i rcu lar  
channel (proportional to the exit velocity, i f  p was constant). 
exit 
Having in mind the example, sf say, pneumatic circui t -breakers ,  we 
may predict  that above some cr i t ical  value of , the a r c  will not 
be maintained in  a stable position, o r  will just be blown away. The 
la t ter  occurs  for  = 122, the polarity > f , and the "long1r a r c  
i/@ = 8 , whatever the starting voltage up to  250V. 
4. 3. 1. Part icular  Values Chosen 
( I )  for 6 $, 0. 354, 1/4 (inches) giving sections, 
with A = ?& inches 2 9 
4A 2A A 
(2) F o r  l / d  1 2 4 8  
(3 )  Polarit ies:  > + and > - 
(4) Values of nr': 6, 4. 24, 3, 2. 12, 1. 50, 1. 04  (gr /sec)  
Values of hd a r e  multiples of each other. They va ry  between 
2 5.4 and 122 gr / sec  x inches 
Table 4 gives a listing of the experiments performed, with 
their  index number, which for  c lar i ty  is omitted on the corresponding 
graphs. 
4. 3. 2. Experimental Results 
Experimental resu l t s  a r e  given graphically in  F igures  14 to 29. 
F o r  compactness, no curves  have been drawn here;  but the conclusions 
which follow a r e  based on separate  graphs plotted for each case.  
Each figure corresponds to one value of A!/@ (in decreasing 
order ) ,  one polarity ( > t before > - ), and various m a s s  flows and 
diameters;  in each case  a r e  reported 7 = (Pinput and varc = f(Iarc) 
Fur thermore ,  fo r  a typical example of variation of these 
quantities with only, all other f ac to r s  being constant, the reader  
should re fer  to F igure  30 and Figures  32 to 35. 
The maximum and minimum values obtained in the whole set  of 
experiments a r e  recorded below. It emphasizes the fact that very  la rge  
changes in  7 Qarc  a r e  obtained when changing the polarit ies,  m a s s  
flow and geometry; furthermore, ex t remal  values of these quantities 
appear,  i f  not always very  pronounced, for ex t remal  values of the 
parameters .  
A. A r c  Voltage, varc 
I. 4- : Central  Electrode Positive 
(a) Maximum Value 
V = 150.5 V a t  63A; Pinput = 9,482 w; 
- 7 = 84 per cent; T = 3 , 6 5 0 ~ ~ ;  m 1  = 4. 24 gr /sec;  
f3 
% = 86.4; 1 /@ = 4 ; 4 = 1/41! a 
The voltage drop  was observed to be grea ter  for 
/ = 8 ; @ = 4 , but was unstable. 
(b)  Minimum Value 
varc  
= 26. 5 v a t  140.5 A ; Pinput = 5, 710 W; 7 = 44. 2 per  cent 
- 
T = 2 , 9 5 0 ~ ~  ; rn' = 1.06 gr /sec ; % = 5.4; k /@ = 1 , @ = $" 
g 
11. r - : Central  Electrode Negative 
(a) Maximum Value 
Varc  = 79. 75 Q a t  148A (11,803 w); 7 = 62 per cent ; 
(b) Absolute Minimum Values 
Varc  = 18.25 V a t  143.5A ; Pinput = 2,942 W ; 
- 7 = 25.6 per  cent; T = 1 , 8 2 0 ~ ~  ; m '  = 1.06 .gr/sec; 
.g 
= 10. 8; j /@ = 1 ; @ = 0. 35411 ( same  resu l t  f o r  @ = 1/4") 
B. Efficiencv 
I. > + : Ceiitral Electrode Positive 
(a) Maximum 
7 = 87.9 per  cent ; Pinput = 8,200 w ; 
% = 61..12 (equivalent resu l t s  for 84 = 86.4 ; d6 = 122.4 
could not be obtained, the a r c  blowing itself off) 
(b )  Minimum 
= 41.0 per cent ; Pin put = 1.831 Vf ; Varc = 28 V ;  
11. > - : Central  Electrode Negative 
(a) Maximum 
7 = 83. 7 per  cent ; q n p u t  = 5,372 Vd ; VarC = 79 V ; 
- I =  6 8 ~ ;  T = 1 , 5 0 0 ~ ~ ;  r n l =  6.00 gr /sec ; = 122 .24 ;  
.g 
4 /QI = Z and (d = 1/4" ( /(d = 1 was not experimented) 
(b)  Minimum 
7 = 14. 7 per  cent ; Pinput = 3. $08 W ; Varc = 2 0 . 5  V; 
4. 3. 3. Conclusions 
At least  in the range of variation of the different quantities, the 
r e su l t s  of the experiments show the choice of the pa ramete r s  to  be 
rriade in o rde r  to get the best , l a rges t  Varc 7 and highest ?i? g 
(See Table 4. ) 
A f i r s t  condition for high efficiency i s ,  a s  stated before, a n  
injection with a swir l  close to the cent ra l  electrode. 
The comparison of the two polarity cases :  > 3. (central  electrode 
positive) and > - (central  electrode negative) c lear ly proves that for  
Whatever the polarity, one must  take the la rges t  possible values 
of the m a s s  flow per  unit a r e a  % (Thus: la rge  m a s s  flows and 
small  d iameters  of the constriction section), but always considering 
the need for  a stable a r c  (See Section 4. 3. ) and sufficient tempera tures  
a t  the exit. Large  values of 1 have to be chosen for  optimum 
efficiency and la rge  voltage drop when the anode is in the center  (> 9); 
small  values of -! with the reversed  polarit ies (> -). The reason for 
-
that difference will be seen in  what follows. 
Now, a f te r  analyzing the experimental data, i t  was possible to 
summarize,  as is done synthetically in Table 4, the influence of the 
var ious pa ramete r s  on 7 and Varc. This table outlines the general 
t rend of the variables with the variation of the parameters ,  to which a 
very  few exceptions may exist ( in particular,  jumps in  position, and 
thus in voltage drop, can occur for the short  a rc ) .  
Some fur ther  comments have to be made. F i r s t ,  experiments 
confirm what i s  expected intuitively: that the efficiency and the voltage 
d r o p  vary  together in the same sense. Paragraph 4 of this section 
gives evidence that a n  important voltage drop occurs  in  the positive 
column of the a r c ,  a t  least  in the case  > t- : so, the l a rge r  the voltage 
drop, the l a rge r  the ionization and heating region, and the l a r g e r  the 
efficiency. 
A s  stated above, for  given geometry and m a s s  flow, the 
efficiency i s  seen to be better when the anode i s  in the center  for  the 
same power input,  and the voltage i s  higher by a factor of about 2, 
for  the same current .  
The configuration > + i s  much more  stable, in  general, than 
> - . This  difference in behavior does not appear  clear ly a t  high m a s s  
flow, and can even be reversed a t  very  high values of Me. For the 
configuration > + , (dv/d1) is positive, while for the second one, (dv/d1) 
i s  negative for  moderate currents ,  and eventually slightly positive fo r  
very high currents .  
F o r  both polarities, efficiency and voltage drop  decrease  with the 
power input, in general, increase  with increasing m a s s  flow and 
decreasing diameter,  and always increase  with increasing 84 . It 
can be remarked that for  the configuration > - Varc  inc reases  slightly 
with increasing diameter a t  small  m a s s  flows, which was attributed to 
a local overheating and choking a t  smal l  diameters ,  causing a "thermal" 
drop  in  voltage; while a t  la rge  m a s s  flows, Varc goes down with the 
diameter  because the increased flow speed sweeps the a r c  downstream. 
Finally, in  the central-electrode-positive > + configuration, the 
efficiency and a r c  voltage go up with the length 1, which corresponds 
closely to the length of the a r c ,  and thus the heating region. In the > - 
configuration, the a r c  does not extend over the whole length of con- 
stricting section , and 1 i s  just a use less  length of g l ~ o o l i n g  channel", 
so  that should indeed decrease  with -x! , while Varc r ema ins  constant. 
4.4. Tentative Interpretation of P h ~ s i c a l  Results 
4. 4. 1. Physical Model 
In the static case,  the potential distribution in  the electr ic  a r c  
i s  represented by Figure  4, giving V = V(x), x being the distance tfalong" 
the a rc .  Since the regions where the cathode and anode voltage drop  
occurs  a r e  small, the length of the positive column can be equated, 
with negligible e r r o r ,  to the total length of the a rc .  
We distinguish three  regions: 
( I )  Cathode-drop region, of very high positive ion- space density, 
with Vc "large". Vc may  be taken, a t  a tmospheric  pressure ,  as  the 
f i r s t  ionization potential = 15. 76 V. 
( 2 )  Positive column, where E is constant and depends on the 
nature of the gas, the p res su re  and the current .  The voltage drop  in the 
positive colunrrn is then proportional to the length of the a r c .  
( 3 )  Anode-drop region, of very  high electron-space density, 
with Va srrlaller than Vc . 
To that physical situation, we superimpose a flow pattern of 
which we consider only the axial  effects (along the ax i s  of the column) 
on the electr ic  phenomena: we call  the effects of the flow "mechanical". 
We a r e  now trying to define roughly the degree of the coupling 
between the l te lec t r ica l f '  and wmechanicali '  flows. Accordingly, we 
compare the ion- and electron- dr i f t  velocities to the flow velocity. 
(1) The average conditions considered a r e  
- o T 3, 000 K , p = 1 atm; rn' = 3.00 gr /sec;  @ = QO. 354 inches. 
Plotting Varc = f ( 4  ) for I = 100 A ,  p = 1 atm, we find 
- dVarc 
= constant = E = 10 ~ / c r n .  
cl& 
5 The ion drift  velocity i s  : 
- - 
- e L v = Kt E , and Kt - ---- ? - Then 
rn c 
The electron drift  velocity is 
- 
v e = K ~ F  
5 
By Comptont s formula : 
where 
= electron mean f r e e  path a t  1 m m  Hg., 2 7 3 O ~  10 
M = molecular weight of the gas  
E- = electr ic  field in  v/cm 
P = pressu re  in mrn Hg 
Thus ye = 133,350 cm/sec. 
The "flow velocity" is the average velocity in the constricting 
channel: 
- 
v = 28,460 cm/sec. flow 
The velocity ra t ios  of the flow on the ions and electrons a r e  respectively 
v v 
= 626 while = 0. 2135 . 
and one should then expect the ions to be strongly affected by the flow, 
and the electrons very  little. 
(2) In the general  case,  when one does not a s s u m e  any particular 
- - 
value for  v, p , S , T , E , one wr i tes  
- 
v flow - 1 
- - 
mt/  ;; S 
- 
v 4- e / m Z  
Since 
- 
v flow 
---------- = con s ta nt - 
so  that i t  can be stated that the action of the flow on the ions will be 
increased with 
increasing ( la rge  m a s s  flow or/and smal l  d iameter )  
increasing ternperatur e 7 f :  
decreasing field 
On the other hand, if in the computation of ';; by Compton's 
e 
1 formula, I i s  neglected compared to about 10, then 7 h/ - 
vz- 3 so  
that 
Hence, fixing ? the relative importance of the f le lec t ronicu  and flow ' 
llionictl behavior of the a r c  is estimated by 
e 
- = constant I 
- 
v + 
4. 4. 2. Comparison of "Central  Electrode Positive1' and 
"Central  Electrode Negative" Functionings 
A schematic representat ion of the "central  electrode positive" 
and "central  electrode negativei1 configurations can be found in Figure 31.  
In the flow field, there  a r e  three  possible regions of concentration of the 
electr ic  field: A, central  cathode tip; B, inner shoulder; C, exit 
section edge. 
A. "Central  Electrode Positive"Confiauration 
It can be argued that the a r c  will s t r ike  along either AB ( f rom the 
t ip to the inner shoulder) o r  AC ( f rom the t ip  to the exit section edge). 
Because of the strong coupling between flow and ions, the ions can 
easily be ca r r i ed  downstream in the direction of their  own drift  velocity, 
while the electrons going upstream do not "see the flow". * One should 
then expect a strong electr ic  field, and thus voltage drop, in  o rde r  to 
* This was sufficiently proved experimentally: the inner 
shoulder remaining sharp, the edge of the exit section had been rounded 
off. In the "central  electrode positive" configuration, the a r c  could not 
be maintained for  any value of the current .  
maintain the a r c  attached to the edge C. The anode-drop of the electrons,  
fur thermore,  occurring in a "dead-water" region of the flow should be 
small. F r o m  what has  been said in the preceding paragraph, one can 
predict  quantitatively: 
the l a rge r  , the l a rge r  becomes the voltage drop, and 
for  ve ry  la rge  velocities, the a r c  i s  blown away, whatever the 
starting field. 
L If Va , Vc a r e  taken a s  constant, increasing the length r e su l t s  
in a corresponding increase  of the voltage drop  in the positive column, 
so  that 
- Vtotal 
'total - 'an ' Vcath -I- ( d $  
B. "Central Electrode Negative" Configuration 
The ions, strongly affected by the mechanical action of the flow, 
this t ime have a small  drift  velocity directed upstream of the flow. It 
s eems  probable that they will take the shortest  path BA f r o m  the inner 
shoulder to the cent ra l  electrode t ip of the order  of ~ " ( " s h o r t n  a r c  
configuration). The voltage drop  a t  the c a ~ h o d e  now occurs  in the "dead- 
wateru region of the flow where the motion of the ions i s  eas ie r :  hence 
a smal le r  average  voltage drop. Fur thermore ,  this  causes  the "ionictf 
- 
charac ter  of the discharge to be l e s s  important: 
vflow/7+ should 
decrease,  which for constant fi implies  
- 
T larger ,  irr-probable, since .the flow does not stay long enough 
in the heating region; 
- 
E large,  which effectively is the case. (Of the o rde r  of 2 3  v/cm). 
Finally, the efficiency should drop  with 1 , the region downstream 
of B being a use less  "cooling channel". The voltage drop  a c r o s s  the 
a r c  must  increase  with and depends on the downstream geometry 
only through the influence of (d on the velocities around the inner shoulder 
B, and not through 4 . This point will be checked now. 
C. Voltage Drop in the Positive Column 
In order  to check the validity of the above representation, we 
plotted Varc = f ( J  ) , 1 being the length of the positive column, for 
a given value of the polarity, the diameter,  the m a s s  flow, and the 
cur rent  (F igures  32 to 35). F o r  the "central  electrode posit ivef1 
configuration, 
'arc 
= f ( 1 ) is indeed linear, which justifies a poster ior i  
the assumptions: Va , V constant and Varc - 
c - Vtotal = Van * Vcath + EJ, 
- 
where = constant = (dV/dk ) . E i s  seen to increase  strongly with 
increasing f(e , hut f o r  high values of % and I , the a r c  i s  not 
maintained. F o r  the "central  electrode negative" configuration, 
v a r c  
= f ( j )  i s  practically constani,which shows that the length of the 
positive column does not vary with the length of the constricting 
channel: indeed, the a r c ,  striking along the path i s  unaffected 
by what is downstream. 
5.  GENERAL CONCLUSIONS 
This study determines the influence of the various geometric 
parameters ,  m a s s  flow, and polarity on the efficiency of an  a r c  heater 
of the axial  type a t  low power level. 
Provided a sharp  edge exis ts  a t  the exit section of the constricting 
channel, the Ifcentral electrode positive" configuration gives better 
resu l t s  in any respect,  except that the "long" a r c  i s  blown away more  
easily for la rge  values of the m a s s  flow per unit a rea .  It was found 
in particular h a t  the efficiency and the voltage drop a c r o s s  the heater 
a r e  always la rger ,  compared to the case  where the cathode i s  in the 
center. 
When the central  electrode i s  positive, the efficiency i s  seen to 
increase  slightly with the length of the constricting channel, and to 
increase  with increasing m a s s  flow per  unit a r e a  % . With increasing 
, the voltage drop increases  strongly, and i t  var ies  linearly, with 
a la rge  slope, with the length of the channel (Iflong" a r c  configuration), 
Fur thermore ,  i t  increases  with increasing cur rent  (I1positivetr a r c  
character is t ic) .  
When the central  electrode i s  negative, the efficiency decreases 
for  longer channels and increases  with . The voltage drop increases 
with % , remains  unaffected by the length of the downstream channel 
(llshort" a r c  configuration), and dec reases  with increasing current 
("negativef1 a r c  character is t ic) .  However, fur ther  investigation is  
needed to check whether significant changes in behaviour could not 
occur if the a r c  i s  forced, mechanically and/or electrically, to strike 
fur ther  downstream. 
The above investigation s t r e s s e s  the advantage of having the 
anode in the center,  a swir l  close to the central  electrode, and a long 
and nar row constricting channel, wfbich presumably i s  completely 
fi l led by the plasma of the positive column. 
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APPENDIX 
EQUILIBRIUM SPEED O F  SOUND IN IONIZING ARGON 
The equilibrium speed of sound in  ionizing argon i s  calculated 
with the assumptions': 
(1) single degree of ionization 
( 2 )  perfect-gas equations for  argon atoms, ions, and electrons.  
If a denotes the degree of ionization, i. e . ,  the m-ass fraction 
of a rgon ions, the equation of state of the mixture of a toms,  ions 
and electrons may be written a s  
where R i s  the gas  constant of the a rgon atom, and the enthalpy i s  
given by 
h = h A +  (ZhA+ - hA ) a 
= 5/2 RT - eo + ( 5/2 RT + eo ) a , 
0 
where e is the heat of ionization per  unit m a s s  a t  0 K. F r o m  the 
0 
thermodynamic formulas,  i t  can be shown that 
Calculating c ( ~ p / a P ) ~  and ( a p / a ~ ) ~  f r o m  Eqs. A. 1 and A. 2 and 
P '  
2 
substituting in Eq. A. 3, we obtain, with a = 5/3 Y p/p , 
o 

Hence, we obtain 
which, introduced in Eq. A. 4, give 
a 
2 5 2  2 
e 2 0 +;r ( s + Q )  a ( l - a )  
= (A. 10) 
0 [ z e  2 t ( e  t - + ( ~ + ~ ] a ( i - a )  2 t rr 25 ( Q  + 2 2  a 2 (1-a) 2  
*?z 
3 o 
w h e r e 0 :  (T/ei) and Q i E  ( e  / R ) =  1 8 2 . 9 ~ 1 0  K f o r a r g o n .  
0 
L In Eq. A. 10, 8 being very  small ,  a small ,  t e r m s  of o rde r  8  a can 
be neglected. Finally: 
a 
2 1  
e Z Q + ( l + % e ) a ( l - a )  
- 
- (A. 11) 
o 2 1 2 Q + j- (1 + 3B) a (1-a) +: (1 + 5 8) o (1 - a) 2 
0 N C T r -  .-( COO N 
o r -  m .  X 9 0  0  
0 . o  , d l  C\i ., . 
4 0 4  4 0 3  Ln oso 0 
w ,+ $2 
0 
Q k  w " 2 
hi: 
a 5  &I 
rd 2 
a, a, 
4-J -  +l 5 u  ; 
?$iCU 0 a,
or;' k 
a, 
a, .d 
K i d = :  
0 
=;z 2 
U V  


z s 
a, rn- 
4 .d d 
W Q Z  



TABLE 4 
EXPERIMENTS O F  SYSTEMATIC STUDY 
Variation of efficiency and voltage drop  a c r o s s  the a r c  with the independent var iables  
- 
1. Optimum choice of var iables  for best 7 , Varc , T 
g 
- (a) Polarit ies:  For best T , > f  has  to  be prefer red  to > - 7 a V a r c a  g 
(b) Whatever the polarity: 
F o r  best One must  take 
Polar i ty  MC /@ QI m 1  Injection 
Angle A 
> 4- l a rge  la rge  smal l  la rge  45O 
> - l a rge  smal l  unimportant a t  la rge  45O 
srrlall m ' ;  
smal l  a t  
la rge  m '  
varc  > + l a rge  la rge  smal l  la rge  45O 
> - l a rge  smal l  unimportant a t  45O 
smal l  m ' ;  
smal l  a t  
l a rge  m '  
- 
T Since T inc reases  with g , i. e. , i nc reases  with decreasing @ and g 
decreasing m a s s  flow, the llrnass fac tor t1  %, ra t io  of two smal l  quantities, takes 
a n  I1intermediatei1 value fo r  optimum 'S The maximum tempera tures  
g 2 
( a  10, 0 0 0 ~ ~ )  were  obtained for % = 20 to 30 ( p / s e c .  inches ) 
TABLE (CONTINUED) 
- 
2. Variation of Efficiency 
F ixed  Quanti t ies Po la r i ty  Case  Variation of Independent 
Elficienc y Variable  
power input, geometry,  m a s s  flow 
- 
polari ty 
polari ty,  geometry,  m a s s  flow all 7 \  P input / 
polari ty,  m a s s  flow, power input and  
@ fixed, 1 /@ variable  > f j/@ f 
1 /@ fixed, @ variable  > t 7 
s m a l l  m a s s  
flows: 
pract ical ly  
unaffected 
-----------  
l a rge  m a s s  
flows: 
polari ty,  geometry,  power input all v' ml /' 
I 
polarity, l /@ , power input a11 7 X P  
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